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 I 
摘要 
 
目的：小 G 蛋白在调控蛋白转运过程中发挥重要作用。近年来，小 G 蛋白对心肌
离子通道（膜蛋白）的调控作用日益受到重视，目前相关的研究主要集中在钾离子
通道和钙离子通道的调控方面， 但到目前为止，未见有关小 G蛋白通过调控囊泡
运输影响心肌纳离子通道表达和功能的文献报道。本项目拟分别在异体细胞 
(HEK293细胞过表达 Nav1.5), 通过定量 (Western blot) 、定位 (confocal)，研究
小 G 蛋白 Sar1 和 Arf1 对纳通道蛋白转运的调控模式，为研究 SCNA 基因
（Nav1.5）引起相关疾病的发病机制和今后以干预囊泡转运过程为靶点设计药物进
行此类疾病的靶向治疗提供新的思路。 
 
方法：在这个实验中，我们使用 HEK 293 细胞作为宿主细胞。将 SCNA 基因转染
到 HEK 293 细胞中，通过 G418 筛选稳定表达 SCNA 基因的细胞系。为了检测小 G
蛋白对 Nav1.5 的调节效应，野生型或突变型的小 G 蛋白 SAR1 和 ARF 分别转染到
HEK 293- Nav1.5 细胞系（异体细胞）。通过免疫印迹和免疫荧光这两种技术来分
析实验过程中所得到的结果。利用免疫印迹对目标蛋白进行定量，利用免疫荧光对
细胞内的目标蛋白进行定位。   
 
结果：我们发现，过表达突变的 SAR1 不仅减少了细胞膜上的 Nav1.5 ，细胞内总
的 Nav1.5 的表达也显著减少。另一方面，ARF 对于 Nav1.5 在细胞内的表达及定
位的影响较小。   
 
结论：这项研究表明，小 G 蛋白参与调节 Nav1.5 在细胞内的运输。Sar1 对于
Nav1.5 的运输调控更加明显。因此，今后应进一步研究小 G 蛋白，尤其是 Sar1，
以促进我们对它的理解及其在心律失常中的潜在作用和治疗意义。 
 
关键词：小 G 蛋白；SCN5A 基因；Nav1.5 蛋白；调控  
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Abstract 
 II 
Abstract 
 
Background: SCN5A gene encodes Nav1.5, the pore-forming α-subunit of the 
cardiac voltage-gated sodium channel, which is responsible for initiation and 
conduction of action potentials in cardiac cell. Alterations in the normal function of 
Nav1.5 have been associated with a number of cardiac arrhythmias, such as Long QT 
syndrome type 3 (LQTS3) and Brugada syndrome. 
The regulation of Nav1.5 starts with the transcription of its gene, followed by the 
translation of its RNA. Then it is transported from the endoplasmic reticulum (ER) 
to the Golgi where it undergoes post-translational modification before reaching to 
the sarcolemma, where it exerts its functional role. Protein trafficking is regulated 
by small GTPases. Normally, the small GTPases Sar1 and Arf regulate the 
intracellular transport of proteins in COP II and COP I vesicles, respectively. The goal 
of this study is to investigate the role of the small GTPases Sar1 and Arf in the 
regulation of Nav1.5 trafficking. 
Methods: In this experiment we used HEK 293 cells as the host cells to co-express 
Nav1.5 with the wild–type (WT) or mutant form of the small GTPases Sar1 and Arf. 
Then in order to check the effect that small GTPase has on Nav1.5 regulation, two 
techniques were used to analyze the results. Western blot was performed to 
measure the expression level of Nav1.5, and Confocal microscopy was used to 
visualize the cellular localization of Nav1.5. 
Results: We found that mutant forms of Sar1 decrease Nav1.5 expression level 
significantly and inhibit its localization at the cell membrane. On the other hand, Arf 
shows only small effect on the expression level and localization of Nav1.5. 
Conclusion: This study provides evidences that Nav1.5 intracellular transport is 
regulated by small GTPases, in particular Sar1. Therefore, more research should be 
done in the future to advance our understanding of small GTPases and their 
potential role and therapeutic implications in cardiac arrhythmias. 
Key words:  small GTPases; SCN5A gene; Nav1.5; Regulation;  
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Chapter I: Introduction 
 
1.1 Cardiac voltage-gated sodium channel (Nav) 
 
1.1.1 Background 
 
Cardiac action potentials are induced through the coordinated activity of various ion 
channels. This includes voltage-gated sodium (Nav) channels, potassium (K
+
) channels 
and calcium (Ca
2+
) channels
[1]
. Each of these channels transports their respective ions 
across the cell membrane generating the electrical current responsible for forming the 
action potential.  
Among these different ionic currents that are involved in inducing the cardiac action 
potentials, the cardiac sodium current (INa) plays a crucial role in the depolarization phase 
(Figure 1) of the action potential (phase 0), the propagation of the electrical current to the 
neighboring cells. It also contribute to the duration of the AP, since some of the channels 
may re-open during the plateau phase (phase 2), generating a persistent or “late” inward 
current
[2]
. 
The channel responsible for generating the cardiac sodium current (INa) is known as the 
voltage-gated sodium channels (Nav).  
 
               
 
Figure 1: The action potential of a fast fiber, its phase 0 and the entry of the sodium cation by sodium 
channel.          [J. Hum. Growth Dev. Vol.26 no.3 Sao Paulo 2016] 
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The voltage-gated sodium channel consist of: 
i. An alpha (α) subunit, also known as Nav1.5, that forms the ion conduction pore. 
ii. One to two beta (β) subunits that have several functions including modulation of 
channel gating. 
However, it should be noted that the α subunit alone is sufficient for functional 
expression in heterologous expression systems. 
 
 
                              
                                     
                                     Figure 2: Voltage-gated Na
+
 channel subunits 
Note that not all Na
+
 channels include either or both β subunits, but the α subunit is obligatory for function.      
[Journal of Physiology (1998), 508.3, pp.647-657] 
 
 
1.1.2 Nav1.5/ alpha (α) subunit of Cardiac Nav channel 
 
Nav1.5, also known as the α-subunit, is the pore-forming component of the voltage-gated 
sodium channel. It is encoded by the SCN5A gene, which is located on the short arm of 
chromosome 3 (3p21). 
It is found predominately in cardiac muscle cell, but it has also been detected in the brain 
and gastrointestinal smooth muscle cell. Surprisingly, some studies have also shown that 
it plays some roles in promoting invasiveness, such as in breast cancer cell
 [4,5,6]
. 
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1.1.2.1 Structure of Nav1.5  
 
SCN5A gene consists of 28 exons and encodes a protein of 2016 amino acid residues that 
has an approximate molecular weight of 260 kDa.  
It is comprised of a cytoplasmic N terminus, four homologous domains (DI–DIV) that are 
connected to each other by three cytoplasmic linkers, and a cytoplasmic C terminus. Each 
domain consists of six transmembrane α-helical segments (S1–S6), connected to each 
other by alternating extracellular and cytoplasmic loops 
[7]
. The ion conducting pore is 
formed by segments S5 and S6 in each of the four domains. 
Segment S4 is positively charged and is responsible for the voltage-dependent activation 
of the channel (Figure 3. In green color), while a cluster of three hydrophobic amino 
acids in the III-IV linker, Ile-Phe-Met (IFM), are involved in fast inactivation gating 
(Figure 3, red box) 
[8]
. 
 
 
 
 
 
Figure 3: Schematic membrane topology of Nav1.5, the pore-forming subunit of the cardiac sodium 
channel and its associated β-subunits.   [Cardiovascular Research 76 (2007) 381–389]  
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1.1.2.2 Clinical significance of SCN5A gene 
 
The SCN5A gene encodes the sodium channel subunit Nav1.5, which plays a key role in 
the generation of action potential and impulse conduction. The change of sodium channel 
function may lead to serious arrhythmia and even sudden death.  
SCN5A gene-related disease (Figure 4) is a kind of heart disease with genetic 
predisposition to malignant arrhythmia and even sudden death. 
This can be due to mutation within the gene itself or due to abnormality in the regulation 
and trafficking of the protein. There are over 150 SCN5A mutations that have been 
reported, the vast majority in patients with either long QT syndrome variant 3 (LQT3) or 
Brugada syndrome (BS).  
Moreover, SCN5A mutations have also been associated with other clinical syndromes, 
including cardiac conduction defect 
[9] 
, which could be progressive in nature (progressive 
cardiac conduction defect or Lenègre disease) 
[10]
, sick sinus syndrome 
[11]
, and atrial 
standstill 
[12]
.  
In addition, recent reports have shown evidence for an association between heritable 
SCN5A mutation and susceptibility to dilated cardiomyopathy and atrial fibrillation 
[13-15]
. 
Interestingly, cardiac structure and function in patients with Brugada syndrome were 
initially considered unaffected by definition, but later on some studies have shown that 
sodium channel dysfunction may lead to structural abnormalities in the myocardium 
[16-19]
.  
       
Figure 4: Cardiac sodium channelopathies 
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1.1.3 Beta (β) subunit of cardiac Nav channel  
 
Although the expression of Nav1.5 alone in heterologous expression systems is sufficient 
to generate sodium current, the obtained current is quite different from the sodium current 
present in an isolated cardiomyocytes. This may be due to the absence of the auxiliary β-
subunits and regulatory proteins in heterologous systems. So far, four β-subunits are 
known in the heart (β1 to β4), which are encoded by four genes (SCN1B to SCN4B) [20-
24]
. 
 According to several studies, cardiac Nav beta (β) subunit gene mutations are linked to 
several forms of arrhythmia 
[25]
. The first cardiac-associated mutations identified in β 
subunits were SCN1B mutations linked to Brugada syndrome 
[26]
, which carries a high 
risk of sudden cardiac death due to ventricular fibrillation (VF). So far multiple Brugada 
syndrome-associated mutations have been identified in SCN1B (p.E87Q, β1B p.H162P, 
p.W179X, p.R214Q) 
[26-28]
, SCN2B (p.D211G) 
[29]
, and SCN3B (p.L10P, V110I) 
[30,31]
. 
These mutations are linked to reductions in TTX-R sodium current density and may 
include hyperpolarized inactivation kinetics or alterations in rate of recovery from 
inactivation, exacerbating the severity of the Nav1.5 loss-of-function phenotype. This is 
similar to SCN5A-linked Brugada syndrome mutations, which result in Nav1.5 loss-of-
function 
[32]
. 
Many studies have shown that β-subunits are able to modulate gating and kinetics of α-
subunits when co-expressed together. While there is no doubt that the classical roles of β-
subunits as “conducing” modulators of Na+ current is of profound importance in 
regulating ion flux and cell excitability, there is also a clear trend in literature that 
underlines the importance of β-subunit “non-conducing” functions, including sodium 
channel cell surface expression regulation, migration, cell adhesion and putative 
transcriptional modulation 
[33-37]. Moreover, β-subunits play some roles in a variety of 
pathologies, including epilepsy, cardiac arrhythmia, neuropsychiatric disorders, 
neuropathic and inflammatory pain, and cancer 
[38]
. Thus, the understanding of the 
interactions between sodium channel α- and β-subunits is of paramount importance, 
particularly in view of the exploitation of their therapeutic potential.  
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1.2 Small GTP-binding proteins / small GTPases 
 
1.2.1 Background 
In addition to heterotrimeric G-proteins, there is a superfamily of small monomeric G 
proteins. They have molecular masses of 20–40 kDa. They are a type of G-protein found 
in the cytosol that are homologous to the alpha subunit of heterotrimeric G-proteins, but 
unlike the alpha subunit of G proteins, a small G protein can function independently as a 
hydrolase enzyme to bind to a guanosine triphosphate (GTP) and hydrolyze it to form 
guanosine diphosphate (GDP) 
[39]
.  
In 1980, for the first time, the small G protein genes Ha-Ras and Ki-Ras were discovered 
as the v-Ha-Ras and v-Ki-Ras oncogenes of sarcoma viruses 
[40,41]
. A few years later, 
their cellular oncogenes were identified in human cells, and their mutations were further 
discovered in some human carcinomas 
[42-47]
. The mutated forms were subsequently 
shown to stimulate proliferation and transformation of cultured cells 
[48-51]
. In addition, 
the mutated forms were shown to induce cell differentiation in neuronal cells 
[52-54]
.  
These findings drew the attention of many scientists not only in the cancer research field 
but also in many other fields.  
 
 
1.2.2 Molecular Switches and the Activation-Inactivation Cycle 
 
Small G proteins operate as switches, which is to say they are “ON” when they bind to 
GTP, and “OFF” after the GTP has been hydrolyzed to GDP. Thus small G proteins are 
also known as small GTPases. 
According to the structures of small GTPases, they can exist in either of these two inter-
convertible forms: the active GTP-bound and the inactive GDP-bound forms 
[55-57]
 
(Figure 5). An upstream signal stimulates the detachment of GDP from the GDP-bound 
form, which is followed by the binding of GTP, ultimately leading to the conformational 
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change of the downstream effector-binding region so that this region interacts with the 
downstream effector. This interaction causes the downstream effector to change its 
function. The GTP-bound form is converted by the action of the intrinsic GTPase activity 
to the GDP- bound form, which then releases the bound downstream effector. In such 
manner, one cycle of activation and inactivation is completed, and small G proteins serve 
as molecular switches that transmit an upstream signal to a downstream effector.  
 
 
                                         Figure 5 
   
1.2.3 Regulators of Small GTPases 
 
The rate-limiting step of the GDP/GTP exchange reaction is the detachment of the GDP 
molecule from the GDP-bound form. This reaction is very slow and therefore stimulated 
by a regulator, namely Guanine nucleotide Exchange Factor (GEF), of which activity is 
often regulated by an upstream signal. GEF first interacts with the GDP-bound form and 
releases bound GDP to form a binary complex of a small G protein and GEF. Then, GEF 
in this complex is replaced by GTP to form the GTP-bound form.  
Most GEFs, such as Son of Sevenless (SOS), a Ras GEF, and Rab3 GEF, are specific for 
each member or subfamily of small G proteins 
[58-60]
, but some GEFs, such as Dbl, a GEF 
active on Rho/Rac/Cdc42 proteins, show broader range of substrate specificity 
[61,62]
.  
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Similarly, The GTPase activity of each small G protein is very slow and is stimulated by 
another regulator called GTPase Activating Protein (GAPs). Most GAPs, such as Ras 
GAP and Rab3 GAP, are specific for each member or subfamily of small G proteins 
[58, 
63,64]
, but some GAPs, such as p190, a GAP active on Rho/Rac/Cdc42 proteins, show 
broader substrate specificity 
[65]
.  
 
                             Figure 6: Regulators (GEF & GAP) of the small GTPase  
                                              [Molecular Biology of the Cell, 4
th
 edition] 
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1.2.4 Types of Small GTPases and their Functions 
 
So far, more than a hundred small G proteins have been discovered in eukaryotes, and all 
together they comprise a superfamily 
[66-68]
. Based on the structure, sequence and function, 
the small G protein superfamily is divided into five families: Ras, Rho, Rab, Arf / Sar 
and Ran. 
 
 
                                      Figure 7: The 5 main families of small G Protein.   
                                              [Takai, et al. Physiological Reviews, 2001] 
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